In this study, an image-based morphometry toolset quantifying geometric descriptors of the left ventricle, aorta 25 and their coupling is applied to investigate whether morphological information can differentiate between subjects 26 affected by diastolic dysfunction (patient group) and their age-matched controls (control group). The ventriculo-27 aortic region of 20 total participants (10 per group) were segmented from high-resolution 3D magnetic resonance 28 images, from the left ventricle to the descending aorta. Each geometry was divided into segments in 29 correspondence of anatomical landmarks. The orientation of each segment was estimated by least-squares fitting 30 of the respective centerline segment to a plane. Curvature and torsion of vessels' centerlines were automatically 31 extracted, and aortic arch was characterized in terms of height and width. 32
Abstract 24
In this study, an image-based morphometry toolset quantifying geometric descriptors of the left ventricle, aorta 25 and their coupling is applied to investigate whether morphological information can differentiate between subjects 26 affected by diastolic dysfunction (patient group) and their age-matched controls (control group). The ventriculo-27 aortic region of 20 total participants (10 per group) were segmented from high-resolution 3D magnetic resonance 28 images, from the left ventricle to the descending aorta. Each geometry was divided into segments in 29 correspondence of anatomical landmarks. The orientation of each segment was estimated by least-squares fitting 30 of the respective centerline segment to a plane. Curvature and torsion of vessels' centerlines were automatically 31 extracted, and aortic arch was characterized in terms of height and width. 32
Tilt angle between subsequent best-fit planes in the left ventricle and ascending aorta regions, curvature and 33 cross-sectional area in the descending aorta resulted significantly different between patient and control groups 34 (P-values<0.05). Aortic volume (P=0.04) and aortic arch width (P=0.03) resulted significantly different between 35 the two groups. The observed morphometric differences underlie differences in hemodynamics, by virtue of the 36 influence of geometry on blood flow patterns. 37
The present exploratory analysis does not determine if aortic geometric changes precede diastolic dysfunction, or 38 vice versa. However, this study (1) underlines differences between healthy and diastolic dysfunction subjects, and 39
Introduction 44
Morphometry, i.e., the analysis of a form or shape with quantitative means, has been applied extensively to 45 explore cardiac and vascular anatomy and function. Examples include the detection of anatomical abnormalities 46 [1] , preoperative planning and follow-up of patients with cardiovascular diseases [2-4], risk prediction associated 47 to atherosclerosis development [5] [6] [7] [8] , and cardiovascular devices design support [9] . In particular, morphometry-48 based analysis finds massive adoption for current research of mapping the effects of natural aging on the 49 structural and functional properties of the aorta [10] [11] [12] [13] [14] [15] [16] [17] . 50
Data from those imaging techniques currently adopted in the clinical practice to monitor and assess the 51 cardiovascular function can be leveraged for accurate morphometric analysis. This opens to the possibility of 52 complementing and enriching the information extracted from clinical diagnostic exams. In this regard cardiac 53 magnetic resonance (CMR), bearing the ability to collect precise, quantitative anatomical information, has 54 become a gold standard for heart chambers volumetric analysis and cardiac mass measurements [18, 19] . For 55 these reasons, CMR is widely adopted as diagnostic tool for the assessment of the function of the left ventricle 56 (LV), heart failure (HF), and related pathologies, including diastolic dysfunction [20] . Diastolic dysfunction refers to 57 the pathological condition for which the mechanical function of LV during diastole is abnormal [21] . The hallmarks 58 of LV diastolic dysfunction are impaired relaxation, loss of restoring forces, reduced diastolic compliance, and 59 elevated LV filling pressure [22] . 60
While systolic function can be routinely assessed non-invasively by measuring markers such as LV longitudinal 61 strain, no consensus currently exists on diastolic dysfunction diagnosis, because no effective image-based clinical 62 indicators of diastolic dysfunction have yet been identified (a detailed overview of the strengths and weaknesses 63 of different imaging modalities for evaluating diastolic dysfunction can be found in Flachskampf et al. [22] ). This 64 lack in relevant quantification tools results in a vague understanding of the causes leading to diastolic dysfunction. 65
Moreover, in diastolic dysfunction a set of changes in cardiac mass, orientation and function has the potential to 66 affect the mechanical loading and morphology of the aorta. In parallel, induced alterations in the arterial 67 penalized sum of squared error criterion [35] . In this study, m was set equal to six, thus allowing the estimation of 123 an analytical formulation for centerlines with no discontinuities in the derivatives of order up to four. 124
To simplify the comparisons between subjects, we subdivided the aortic trunk in eight regions (R1 to R8) as 125 defined by nine anatomical landmarks (L1 to L9) positioned in: (1) ventricle apex, (2) ventricle base, (3) aortic 126 valve, (4) pulmonary ascending aorta, (5) brachiocephalic trunk, (6) left subclavian artery, (7) pulmonary 127 descending aorta, (8) diaphragm, and (9) renal level ( Figure 1A ). In this way, it was possible to break the 128 morphometry analysis in geometric segments. For each centerline segment, a plane fitting the centerline segment 129 was calculated with a least square minimization method, and denoted as best-fit plane in the followings. To 130 characterize the segment orientation, we considered for each plane the normal and tangent vectors, with the 131 latter vector obtained from the linear least-square fit of the projection of the centerline segment onto its 132 respective plane ( Figure 1B ). The relative orientation of two subsequent best-fit planes was expressed by a tilt (α) 133 and a twist (θ) angle, calculated as the arccosine of the internal product between the two tangent vectors and the 134 two normal vectors, respectively [36] . Moreover, twist angle can be related to Euler's rotation theorem, stating 135 that a rotation in the 3D space can be expressed as a single rotation around an axis, which is invariant to the 136 rotation. The rotation axis is determined as the line of intersection between the two planes, and the rotation 137 around it is quantified by the twist angle (also called dihedral angle). 138
By differentiation of the free-knots regression spline, the centerlines are characterized on the basis of curvature 139 and torsion. The curvature κ and the torsion τ of a curve C along the curvilinear abscissa s are defined as: 140
where primes denote derivatives of the curve C with respect to the curvilinear abscissa s. Curvature is defined as 143 the reciprocal of the radius of the circle lying on the plane defined by the normal and tangent vector to the curve 144 at that point (osculating plane, Figure 2 ) and it measures the rate of change in the tangent vector orientation 145 along the curve. Torsion measures the deviation of the curve from the osculating plane (Figure 2 ). Both 146 parameters are known to have a major influence on hemodynamics [37, 38]. Cross-sectional area A(s) was also 147 considered for geometric characterization. Cross-sectional areas were calculated automatically via intersection of 148 a plane normal to the centerline at the desired location. 149
Quantitative geometric measures were derived from the characterization described in the previous section. 150
For each segment (corresponding to regions R1 to R8), the maximum, average and peak-to-peak amplitude (i.e., 151 max-min) values (indicated as Max, Avg and PP) were estimated for curvature, torsion and cross-sectional area. 152
The minimum cross-sectional area (Min A) for each segment was considered, as abrupt transitions to lower values 153 may denote the existence of a constriction. The tilt and twist angles between planes fitting consecutive centerline 154 segments were evaluated as a measure of orientation change along the centerline. 155
A set of global parameters was also considered. The BSA-adjusted values of total aortic volume were estimated. 156
Aortic arch width (W) was defined as the distance between the centerline points of the ascending and descending 157 aorta at the level of the pulmonary artery [39] . The height H of the aortic arch was defined as the distance 158 between W and the highest centerline point of the aortic arch in left anterior oblique projection [39] . The ratio 159 H/W was also quantified. Left ventricle shape was evaluated as based on the sphericity index (SI), which is defined 160 as the ratio between the ventricle long axis (measured from the apex to the mid-point of the mitral valve) over 161 the short axis (equivalent diameter of the ventricle section that perpendicularly intersects the long axis mid-162 point). 163
To test for differences between the groups (CG vs. PG), the univariate Mann-Whitney non-parametric U test was 164 applied, for all the vascular segments and descriptors. Significant level was set at P < 0.05. The calculation of 165 morphometric parameters and the statistical analysis were performed using VMTK libraries and Matlab (The 166
MathWorks, Natick, MA, USA). 167 168
Results

169
The complete set of reconstructed geometries for patient and control groups is presented in Figure 3 (up to 6 mm -1 , M74 subject in the PG, but also, e.g., M67 subject in the PG, and M39 subject in the CG). 176
Cross sectional areas are reported in Figure 5 . As expected, the largest cross-sectional areas are found within the 177 limits of region R1. Moving downstream, the cross-sectional areas show a sudden decrease due to the aortic valve 178 (R2 in Figure 5 ), followed by an increase in correspondence of the sinuses of Valsalva. A slow decrease (due to the 179 aortic tapering) is then shown along the curvilinear coordinate s in the arch and descending aorta regions, as 180 expected ( Figure 5) . 181
Results from the quantitative geometric characterization were used for statistical analysis and are summarized in 182 Tables 1 and 2 for regional and global parameters respectively. Statistically significant differences between 183 control and patient groups were observed with the current morphometric analysis. In particular, the tilt angle α 184 was shown to be significantly different in regions R1, R2 and R3, while the twist angle θ was shown to be 185 significantly different in region R3. Significant differences between the two groups were also shown for curvature-186 derived parameters in the descending aorta (R8). In regards to torsion, differences in average torsion were not 187 significant in any of the regions, while torsion maximum values presented significant differences in region R2, and 188 peak-to-peak amplitude values of torsion presented significant differences in regions R1, R2 and R3. Descriptors 189 derived from cross-sectional areas yielded significant differences in one region or more (Avg A: R7; Max A: R4; 190
Min A: R1, R7; PP A: R3, R4, data presented in Table 1 ). Considering global geometric parameters, the statistical 191 analysis is reported in Table 2 . Total aortic volume as well as aortic arch width presented significant difference 192 between the two groups with P=0.038, and P=0.032 respectively. Sphericity index SI, aortic arch height H and the 193 ratio H/W were not significantly different between the two groups. 194
In order to visually evaluate differences in the distributions of the descriptors yielding statistically significant 195 differences, box plots were generated and are shown in In diastolic dysfunction, LV abnormalities in mass, orientation and mechanical function during diastole affect the 203 mechanical loading and morphology of the aorta. In parallel, alterations in aortic morphology may promote 204 diastolic dysfunction via altered hemodynamics and late systolic pressure augmentation due to altered pressure 205 wave reflections [22] . Thus, open questions still exist on whether diastolic dysfunction is due to a specific cardiac 206 disease or it is the result of a myocardial response to unfavorable working conditions attributable to the 207 downstream arterial system (e.g., arterial stiffening) [22] . 208
In this study, we demonstrated the potential of morphometric analysis of the ventriculo-aortic region for 209 investigating differences between healthy and diastolic dysfunction subjects. Technically, 3D models of the 210 ventriculo-aortic structure were reconstructed from 3D CMR images, and morphometric analysis was performed 211
by considering global and regional parameters, as defined by anatomical landmarks. 212
The regional analysis identified statistically significant differences between CG and PG (1) in the LV and ascending 213 aorta regions (R1:R3), specifically in the tilt angle α and the dynamic range of torsion (Table 1) , and (2) in the 214 distal descending aorta (R7, R8), where differences in parameters derived from curvature and area emerged. 215
Considering global variables, significant differences between CG and PG were observed in the aortic volume and 216 aortic arch width (Table 2) . Interestingly, the PG exhibited considerably less geometric variability than CG when 217 considering torsion-based parameters (Figure 6 ), suggesting relative homogeneity of those parameters in PG 218 subjects. 219
The observed morphometric differences imply differences in hemodynamics, by virtue of the influence of 220 geometry on blood flow patterns [5] [6] [7] 40] . In particular, the tilt and twist angles quantify the "distortion" of the 221 aorta, which is expected to impart an abrupt change in the direction of blood flow. Here, it was found that aortic 222 distortion is more pronounced in the PG, therefore the underlying flow patterns are expected to be more intricate Furthermore, the ascending aorta is a major contributor to the systemic total compliance of the arterial tree, and 234 several previous reports demonstrate the existence of a complex interplay between aortic pulse wave velocity 235 (PVW) and LV remodeling. In particular, Redheuil et al. [16] demonstrated the existence of a significant 236 relationship between increased arch width, increased PWV, decreased aortic arch distensibility and increased LV 237 mass and concentric remodeling, in accordance with the results of the present study (aortic arch width resulted 238 statistically different between CG and PG, with higher values for PG, Table 2 and Figure 6 ). In addition, a large 239 H/W ratio has been identified as possible promoter of increased pulse pressure and PWV, enhanced systolic wave 240 reflection and increased wall shear stress, likely inducing structural changes in the aortic wall [47] . 241
Notwithstanding these factors are well-known contributors to LV remodeling [16, 48] , in this study no statistically 242 significant difference between CG and PG was observed, when evaluating the H/W ratio. Moreover, although 243 sphericity has been indicated as a marker of cardiomyopathy [30] , differences between PG and CG were not 244
found. 245
It is worth noting that the cross-sectional design of the present study does not allow to answer the question 246 whether geometric changes precede diastolic dysfunction, or vice versa. A highly complex and dynamic interplay 247 exists among the processes leading to diastolic dysfunction, aortic morphology, and the underlying 248 hemodynamics. As the pathology progresses, the relationship evolves determining a disease-driven remodeling of 249 the aortic geometry. In this context, it is accepted that the aorta remodels its geometry, structure and 250 composition according to an overall optimization strategy. Among the factors regulating the remodeling, we 251 mention here the magnitude of the circumferential stress in the arterial wall, the flow-induced shear stress at the 252 inner surface, that needs to be maintained within the physiological range [49] , and the remodeling action of 253 altered pressure levels, which are commonly found in diastolic dysfunction patients [21, 50] . Notwithstanding the 254 intricacy of the relationship geometry -diastolic dysfunction, questions cannot be answered without knowledge 255 of the several risk factors, and thus we focus in this preliminary study on the geometric differences between PG In conclusion, we developed a platform to perform morphometric analysis of the ventriculo-aortic region to 275 identify differences between healthy and diastolic dysfunction subjects, and to understand the clinical 276 implications of altered geometries. The morphometric parameters defined in this study could help to determine 277 early aortic geometric alterations and potentially prevent evolution toward advanced LV remodeling and diastolic 278 dysfunction. Further initiatives should focus on processing larger databases in order to evaluate any diagnostic or 279 risk stratification value of the parameters. 280 Tables  417   418   Table 1 
